Sphingosine-1-phosphate (S1P) is a potent bioactive sphingolipid metabolite that regulates diverse cellular processes that are important for inflammation and immune responses. These processes include cell growth, survival, differentiation, lymphocyte trafficking, vascular integrity and cytokine and chemokine production. Interest in S1P as a signalling molecule increased dramatically two decades ago with the discoveries that it regulates cell growth 1 and is formed and signals in response to external stimuli 2 . Since then, there has been an explosion of reports on the importance of S1P in physiology and pathophysiology. We now realize why this simple lipid has such pleiotropic actions: S1P is not only an agonist of five specific G protein-coupled S1P receptors (S1PR1-5) that activate diverse downstream signalling pathways, it also has important intracellular (second messenger) actions. S1P is formed by phosphorylation of sphingosine, a backbone component of all sphingolipids, in a reaction catalysed by two isoforms of sphingosine kinase, SPHK1 and SPHK2, which have distinct and overlapping functions 3 . SPHK1 is activated by numerous stimuli, including pro-inflammatory cytokines, and promotes the formation of S1P. S1P, in turn, can be exported by specific transporters to activate its own receptors in autocrine and/or paracrine manners (FIG. 1a) . This process, known as S1P 'inside-out signalling' 4 , is important for many of the immune cell functions known to be regulated by S1P, and the diversity of these functions is explained by the repertoire of S1PR expression on various immune cells.
Sphingosine-1-phosphate (S1P) is a potent bioactive sphingolipid metabolite that regulates diverse cellular processes that are important for inflammation and immune responses. These processes include cell growth, survival, differentiation, lymphocyte trafficking, vascular integrity and cytokine and chemokine production. Interest in S1P as a signalling molecule increased dramatically two decades ago with the discoveries that it regulates cell growth 1 and is formed and signals in response to external stimuli 2 . Since then, there has been an explosion of reports on the importance of S1P in physiology and pathophysiology. We now realize why this simple lipid has such pleiotropic actions: S1P is not only an agonist of five specific G protein-coupled S1P receptors (S1PR1-5) that activate diverse downstream signalling pathways, it also has important intracellular (second messenger) actions. S1P is formed by phosphorylation of sphingosine, a backbone component of all sphingolipids, in a reaction catalysed by two isoforms of sphingosine kinase, SPHK1 and SPHK2, which have distinct and overlapping functions 3 . SPHK1 is activated by numerous stimuli, including pro-inflammatory cytokines, and promotes the formation of S1P. S1P, in turn, can be exported by specific transporters to activate its own receptors in autocrine and/or paracrine manners (FIG. 1a) . This process, known as S1P 'inside-out signalling' 4 , is important for many of the immune cell functions known to be regulated by S1P, and the diversity of these functions is explained by the repertoire of S1PR expression on various immune cells.
As with any signalling molecule, S1P levels are tightly controlled by its rapid degradation. S1P can be dephosphorylated by specific and nonspecific phosphatases back to sphingosine, which can then be reused for ceramide and sphingolipid biosynthesis. Alternatively, S1P can be irreversibly cleaved by S1P lyase in the final degradative step of sphingolipid metabolism (FIG. 1b) . Constitutive levels of S1P in most tissues are low, and this is probably due to the activity of S1P lyase 5 . Erythrocytes and platelets are exceptions, as they do not have S1P lyase or S1P phosphatase activity and they produce and contain high levels of S1P. Erythrocytes are the main source of the high levels of S1P in plasma 6 , where S1P circulates bound to albumin and high density lipoproteins, whereas in the lymph, high levels of S1P are produced by the lymphatic endothelium 7 . Interestingly, in vivo studies in knockout mice indicate a homeostatic role for SPHK1 and SPHK2 in supplying blood and lymph with large amounts of S1P 6, 7 . This sharp gradient between the levels of S1P in the circulation and those in the tissues and the tightly regulated spatial and temporal expression of S1PRs are crucial for the trafficking of immune cells. As this has been the subject of several comprehensive reviews [8] [9] [10] [11] , we focus in this Review on the recent advances in this area. In addition, we outline other new developments, such as the recently identified intracellular targets of S1P, that have improved our understanding of the roles of S1P receptors in immune responses and in disorders of the immune system. Finally, we describe new therapeutics designed to alter S1P signalling and function in immunity.
S1P receptors in immune cell trafficking S1P and its receptor S1PR1 have long been known to be crucial regulators of cell movement 12 . It is now recognized that in both homeostatic and disease settings, the S1P-S1PR1 axis controls the trafficking and migration
S1P receptors
A family of five G protein-coupled receptors. The binding of sphingosine-1-phosphate (S1P) to these receptors activates heterotrimeric GTP-binding proteins, leading to the activation of downstream signalling.
Inside-out signalling
The process by which intracellular signalling mechanisms result in the activation of cell surface receptors. By contrast, outside-in signalling is the process by which ligation of a cell surface receptor activates signalling pathways inside the cell.
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Abstract | The potent lipid mediator sphingosine-1-phosphate (S1P) is produced inside cells by two closely related kinases, sphingosine kinase 1 (SPHK1) and SPHK2, and has emerged as a crucial regulator of immunity. Many of the actions of S1P in innate and adaptive immunity are mediated by its binding to five G protein-coupled receptors, designated S1PR1-5, but recent findings have also identified important roles for S1P as a second messenger during inflammation. In this Review, we discuss recent advances in our understanding of the roles of S1P receptors and describe the newly identified intracellular targets of S1P that are crucial for immune responses. Finally, we discuss the therapeutic potential of new drugs that target S1P signalling and functions. 8, [13] [14] [15] [16] [17] [18] [19] . Some recent studies using pharmacological and genetic approaches combined with sophisticated intravital staining have increased our understanding of precisely how S1PR1 regulates the egress of newly formed T cells from the thymus and the exit of mature T cells and B cells from secondary lymphoid organs 13, [20] [21] [22] .
Regulation of thymocyte egress. After entering the thymus, early thymic progenitor cells (TPCs) differentiate into T cell receptor (TCR)-expressing CD4 + CD8 + double-positive thymocytes in the cortex and then mature into single-positive thymocytes in the medulla. As explained below, expression of CD69 on immature thymocytes prevents their expression of S1PR1, and this ensures proper selection and maturation 13 . After surviving negative selection, immature thymocytes upregulate expression of the transcription factor Krüppel-like factor 2 (KLF2) and its target gene S1pr1 (REF. 23 ). This enables naive T cells to exit the thymus in response to S1P produced by neural crest-derived perivascular cells that surround the thymus. The T cells subsequently encounter the endothelium 13 and respond to the high levels of S1P in the blood 6 (FIG. 2a) .
It was proposed that the microenvironment in perivascular channels protects S1P from degradation. The study by Zachariah and Cyster 13 explained why plasma S1P appeared to be insufficient to promote thymic egress 6 and demonstrated that mature T cells exit the thymus at the corticomedullary junction via blood vessels rather than lymphatic vessels. It is still not clear how the local gradient of S1P is maintained and regulated, and it is also uncertain whether production of S1P is a general property of pericytes and occurs in other vascular beds. Answers to these questions have important clinical implications, as changes in S1P concentrations at tissue-specific sites and in the blood have been noted in many diseases, such as asthma, rheumatoid arthritis and coronary artery disease. Hopefully, the development of more sensitive mass spectrometry methods to measure S1P will make it possible to measure changes in the levels of S1P in different microenvironments. Surprisingly, however, it has been suggested that S1P produced in the blood might be a major source of S1P in lymphoid tissues 24 . The thymus must import TPCs from the blood to sustain T cell production. Importation occurs in waves over several weeks and is thought to be a gated process. A recent study showed that the adhesion molecule P-selectin and the CC-chemokine receptor 9 (CCR9) ligand CC-chemokine ligand 25 (CCL25) are periodically expressed by the thymic endothelium, correlating with the periodic filling and emptying of thymic niches, and are essential for the gate-keeping mechanism 25 . This study also identified S1P in blood as another feedback signal that mediates the effects of the peripheral lymphocyte pool size on TPC receptivity. Changes in S1P levels in the blood seemed to positively correlate with changes in thymic P-selectin expression, and disruption of S1PR1 function or the S1P gradient between the thymus and the blood resulted in reduced P-selectin expression and inhibited the entry of TPCs 25 . This study raises several perplexing questions. How does peripheral lymphocyte depletion cause an increase in plasma S1P? How can small changes in the high circulating levels of S1P in mouse plasma lead to such profound changes in thymic endothelium P-selectin expression? Could the known effects of S1P on the regulation of vascular permeability have a role in this process?
Regulation of mature T cell trafficking. After entering the circulation, lymphocytes internalize S1PR1 in response to high S1P levels in the blood, but they then re-express S1PR1 during transit through non-inflamed secondary Figure 1 | A simplified scheme of S1P synthesis and metabolism and inside-out signalling. Sphingosine-1-phosphate (S1P) is synthesized by phosphorylation of sphingosine in a reaction that is catalysed by sphingosine kinase 1 (SPHK1) at the plasma membrane (a) and by SPHK2 at the endoplasmic reticulum (ER), mitochondria and nucleus (b). At the ER, S1P is irreversibly degraded by S1P lyase or dephosphorylated to sphingosine by an S1P phosphatase (S1Pase). S1P produced at the plasma membrane in response to stimuli is released by specific transporters and regulates immune functions by binding to specific S1P receptors (S1PRs) and initiating downstream signalling pathways (inside-out signalling). S1P produced in the mitochondria and nucleus by SPHK2 has direct intracellular targets, and S1P generated by SPHK1 at the plasma membrane can also function intracellularly. In the blood, S1P is produced mainly by erythrocytes, is bound to albumin and high-density lipoprotein (HDL) and can activate S1PRs. ACDase, acid ceramidase; ASMase, acid sphingomyelinase. ↑ lymphoid organs 8 (FIG. 2b) . Indeed, surface expression of S1PR1 is a primary determinant of lymphocyte egress kinetics 26 . Competing chemotactic signalling between the egress-promoting S1P-S1PR1 axis and the retention signals delivered by the CCL21-CCR7 chemokine receptor axis determines lymphocyte transit time 27 .
A multistep model of lymph node egress was proposed by Cyster and colleagues 20, 28 in which cortical sinus 'probing' by T cells is followed by S1PR1-dependent entry of cells into the sinus. The cells then flow into medullary sinuses and the efferent lymph, which contains high levels of S1P produced by lymphatic endothelial cells 7 . Figure 2 | Regulation of T cell egress by S1PR1. When mature single-positive (SP) thymocytes are ready to exit the thymus (a), they upregulate Krüppel-like factor 2 (KLF2) and its target sphingosine-1-phosphate receptor 1 (S1PR1). The re-expression of S1PR1 enables thymocytes to exit the thymus in response to S1P locally supplied by perivascular cells before encountering the endothelium and then the high levels of S1P in blood vessels. S1PR1 on circulating T cells is internalized owing to high levels of S1P and reappears when the T cells enter non-inflamed lymphoid tissues (b) that contain low levels of S1P. However, in inflamed lymphoid tissues (c), CD69 is expressed on lymphocytes and causes internalization and degradation of S1PR1 to delay exit. After undergoing several rounds of division, the newly generated effector T cells upregulate S1PR1, lose CC-chemokine receptor 7 (CCR7) expression and exit into the circulation. TCR, T cell receptor. 
Transitional B cells

Reverse transmigration
Migration of cells across the endothelial basement membrane and, subsequently, across the endothelial barrier.
Marginal zone bridging channels
Structures in the spleen that are thought to allow the passage of lymphocytes from the red pulp to the white pulp.
Following exposure to inflammatory mediators, lymphocyte egress from lymphoid organs is transiently shut down to intensify the local immune response. Thus, in an inflamed lymphoid organ, exposure to type I interferons (IFNs) increases lymphocyte expression of the activation antigen CD69, which binds to S1PR1 and induces its internalization and degradation 29 (FIG. 2c) . Shortly after the activation of TCRs, the expression of S1PR1 decreases. However, once antigen-engaged T cells undergo 3-4 cell divisions, the newly generated effector cells upregulate S1PR1 and are no longer retained in the lymphoid organ by CCR7-mediated signalling, enabling them to rapidly exit into the circulation and travel to sites of inflammation 27 (FIG. 2c) . The S1P-S1PR1 axis also has a regulatory role in the egress of mature T cells from the bone marrow 30 .
Control of marginal zone B cell positioning. In addition to regulating systemic lymphocyte circulation, the S1P-S1PR1 axis is also important for the positioning of marginal zone B cells in the spleen 10, 14 . These are a distinct lineage of B cells that capture blood-borne antigens and deliver them to follicular DCs, which then process and present these antigens to patrolling lymphocytes 31 . It has been proposed that exposure to high concentrations of S1P in the marginal zone rapidly downregulates the expression of S1PR1 and S1PR3 on marginal zone B cells and allows them to migrate in a CXC-chemokine receptor 5 (CXCR5)-dependent manner towards CXCchemokine ligand 13 (CXCL13), which is produced by follicular DCs 14 . The low levels of S1P in the follicles permit re-expression of S1PR1 and S1PR3, enabling the B cells to return to the marginal zone. This proposed cyclical shuttling of B cells between the marginal zone and the follicle seems to provide an efficient mechanism that explains how antigens from the blood can reach the follicles in the spleen. However, more experiments are needed to fully delineate the molecular basis of marginal zone B cell shuttling.
In contrast to the confirmed link between KLF2 and S1PR1 expression and function in T cells 23 , such a link in B cells is still tenuous. Several recent studies have demonstrated that KLF2 has a crucial role in subset differentiation and function of mature B cells [32] [33] [34] . One study reported that KLF2 deficiency causes S1pr1 and Cxcr5 gene expression to be elevated in follicular B cells and reduced in marginal zone B cells 32 , allowing follicular B cells to encroach on the marginal zone and respond to marginal zone-associated antigens. By contrast, other investigations have provided more convincing evidence that KLF2 is not required to maintain surface expression of S1PR1 on B cells 33, 34 . The differences in these studies may be partially due to the lack of S1PR1-specific antibodies to quantify its surface expression. Further studies are also needed to clarify why the immune system uses KLF2-dependent homing mechanisms that seem to hinder the clearance of blood-borne pathogens.
Control of mature B cell emigration. Similarly to T cell egress, the egress of B cells from lymphoid tissue via medullary sinuses and efferent lymphatics is dependent on S1PR1 (REF. 22 ), and immature B cells also require S1PR1 for efficient egress into the bone marrow vascular compartment and peripheral blood 21, 35 . Furthermore, expression of CD69 on bone marrow B cells negatively regulates S1PR1 expression and inhibits the entry of these cells into the blood 21 . However, chemotaxis of B cells towards S1P is independent of S1PR1 and is largely mediated by S1PR3, despite the fact that B cell emigration from the bone marrow and transit through lymph nodes are normal in S1PR3-deficient mice 21, 22 . Nevertheless, S1PR3 is required for normal B cell development and is involved in positioning transitional B cells within bone marrow sinusoids during tolerance induction and maturation 36 . Therefore, it seems unlikely that directed chemotaxis to higher concentrations of S1P in blood and lymph explains why B cell egress is dependent on S1PR1. Rather, it is tempting to speculate that S1PR1 plays a crucial role in the reverse transmigration of lymphocytes by regulating the small GTPase RAC 37 and the potent actin nucleation factor DIAPH1 (protein diaphanous homologue 1; also known as mDIA1) 38 , which are required for the reorganization of the actin cytoskeleton. In agreement with this role for RAC as a downstream effector of S1PR1-mediated migration 39 , it was recently shown that RAC is required for T cell transmigration through the endothelium and for S1P-induced lymph node egress 37 . S1PRs and control of DC migration. Both S1PR1 and S1PR3 have been implicated in the migration of DCs. The intrasplenic positioning of immature DCs to marginal zone bridging channels seems to depend on S1PR1 but not S1PR3 (REF. 16 ). By contrast, relocation of activated DCs to the T cell zone is independent of S1PR1 and S1PR3.
After sensing pathogens through Toll-like receptors (TLRs), DCs mature and upregulate MHC and costimulatory molecules, increase production of inflammatory cytokines and remodel their chemokine and S1P receptor profiles. In immature DCs, expression of CCR7 is low and CCL19 is unable to activate RAC, which is required for their migration (FIG. 3a) . Moreover, signalling through S1PR2 leads to RHO activation (which is known to inhibit migration) and also causes translocation of the transcriptional co-activator FHL2 (four-and-a-half LIM domains protein 2) to the nucleus, where it represses the transcription of S1pr1 to further decrease the migratory ability of the immature DC 17 . Maturation of DCs results in upregulation of CCR7 and downregulation of S1PR2, thereby decreasing RHO activation and the nuclear translocation of FHL2. This leads to increased S1P signalling via S1PR1, which promotes RAC activation and DC migration 17 (FIG. 3b) .
Regulatory roles of S1PRs in innate leukocyte migration. Although S1PR2 inhibits the migratory responses induced by S1PR1 and S1PR3 in a variety of cell types 40 , S1PR4 and S1PR5 have recently been shown to have limited and specialized roles in immune cell trafficking. Egress of NKT cells from lymph nodes and bone marrow requires S1PR5 (REF. 41 ), and NKT cell recruitment to inflamed lymphoid organs was shown to be aberrant in S1PR5-deficient mice 41 . The transcription factor T-bet regulates the expression of S1PR5 in NK cells 15 but, unlike S1PR1, S1PR5 is not inhibited by CD69, and this property may facilitate trafficking of activated NKT cells to inflamed sites 15 . It is well established that disruption of the S1P gradient by inhibition or deletion of S1P lyase causes a remarkable increase in S1P levels in lymphoid tissues and prevents lymphocyte egress 5, 42 . S1P lyase-deficient mice also have elevated levels of pro-inflammatory cytokines and impaired neutrophil trafficking 43 . Deletion of S1pr4 partially decreases neutrophilia and inflammation in S1P lyase-deficient mice, implicating S1PR4 in neutrophil migration from blood into tissues. It was also suggested that the reduced entry of neutrophils into tissues in these mice is caused by decreased expression of adhesion molecules on the neutrophils, thereby disrupting the IL-23-IL-17-G-CSF (granulocyte colony-stimulating factor) cytokine-controlled loop that regulates granulopoiesis 43 .
Inside-out signalling by S1P in inflammation In addition to their functions in controlling leukocyte migration, S1P and its receptors have important roles in regulating allergic responses, lymphocyte differentiation (reviewed in REF. 11 ), endothelial barrier integrity [44] [45] [46] and cytokine and adhesion molecule expression (reviewed in . Many of these functions depend on inside-out signalling by S1P, as discussed in the following section.
Regulation of mast cell function. Crosslinking of highaffinity IgE receptors on mast cells upregulates SPHK1 (and probably SPHK2), leading to S1P production 18, [50] [51] [52] . S1P is then secreted by ATP-binding cassette (ABC) transporters 53 or possibly by the newly identified S1P transporter spinster homologue 2 (SPNS2) 54, 55 . S1P in turn can activate its own receptors in an autocrine and/ or paracrine manner, promoting mast cell activation and degranulation. This inside-out signalling by S1P has important implications for the many functions of S1P and emphasizes the complexity of its actions in inflammation. Accordingly, inhalation of SPHK inhibitors improved disease severity in a mouse model of asthma 56 . Although engagement of S1PR1 promotes the migration of mast cells, activation of S1PR2 halts their migration and contributes to mast cell degranulation 18 and secretion of chemokines and cytokines 57, 58 . Interestingly, functional variants of the S1PR1 gene were recently associated with asthma susceptibility and severity 59 . Consistent with a crucial role for mast cells in the initiation of anaphylaxis, IgE-mediated anaphylactic responses in mice were substantially attenuated by an S1PR2 antagonist and in S1PR2-deficient mice. By contrast, blocking the functions of S1PR2 had no effect in models of anaphylaxis induced by the administration of histamine or platelet-activating factor 58 , which are major mediators of anaphylaxis in mice and are released by activated mast cells. 
Control of inflammation-induced vascular permeability.
Anaphylactic shock, unlike other mast cell-dependent allergic responses, affects the function of multiple organ systems, including cutaneous, vascular and pulmonary systems. A recent study showed that S1P is not only involved in the mast cell-dependent onset of anaphylaxis, but also in the recovery from anaphylaxis in a mast cell-independent manner 60 . Histamine released from mast cells stimulates SPHK1 and enhances S1P production by both haematopoietic and non-haematopoietic sources, and this is crucial for the clearance of histamine 60 . The SPHK1-S1PR2 axis participates in this counter-regulatory feedback loop by controlling the drop in blood pressure that is characteristic of allergeninduced anaphylaxis. Surprisingly, in this non-lethal model of histamine-induced anaphylaxis there was only a modest involvement of S1PR1 and vascular permeability 60 . However, an elegant study by Coughlin and colleagues that used mice engineered to lack circulating S1P and a more severe model of anaphylaxis provided convincing evidence that plasma S1P maintains vascular integrity by activating S1PR1, probably on endothelial cells 46 . Two models were proposed, which are not mutually exclusive, to explain how plasma S1P might communicate with endothelial cells. Either S1P continuously activates luminal endothelial S1PR1 to maintain tight cell-cell junctions or, following entry of S1P into the subendothelial space via 'leaky' endothelium, dynamic S1PR1 signalling activates abluminal surface S1PRs to close intercellular gaps 46 . S1P ligation of S1PR1 on endothelial cells induces RAC-dependent cytoskeletal rearrangements and promotes adherens junction assembly to enhance barrier integrity 45 (FIG. 4) . By contrast, S1PR2 and S1PR3 promote vascular permeability through activation of the RHO pathway and its downstream effectors RHO-associated protein kinase (ROCK) and phosphatase and tensin homologue (PTEN) 48, 61 (FIG. 4) .
During severe inflammatory responses, the coagulation protease thrombin increases vascular permeability by proteolytic cleavage and activation of proteaseactivated receptor 1 (PAR1) present on the endothelial cell surface. Thrombin-PAR1 signalling is disruptive to the endothelial barrier and recent studies suggest that this barrier disruption may also involve activation of SPHK1 and inside-out signalling through S1PR3 (REF. 61 ). The initial increase in vascular permeability induced by PAR1 is gradually counteracted by activated protein C, which is produced by thrombin-mediated cleavage of protein C. Binding of activated protein C to its receptor stimulates SPHK1 and S1P inside-out signalling through S1PR1 that reseals the endothelial cell barrier 61, 62 . Similarly, it has been suggested that upregulation of SPHK1, formation of S1P and the subsequent activation of S1PR1 is a negative feedback mechanism that limits the increase in endothelial permeability induced by lipopolysaccharide (LPS) 62, 63 . By contrast, LPS-induced barrier disruption is mediated, at least in part, by ligation and activation of S1PR2 and S1PR3 (REF. 63 ). Thus, the concept is emerging that tonic signalling of endothelial cell S1PR1 maintains the homeostatic barrier property of the vascular system and, during infection and inflammation, the SPHK1-S1P-S1PR1 axis is involved in the restoration of normal vascular barrier integrity (FIG. 4) . Understanding these barrier control mechanisms is important, as abnormal vascular permeability and increased fluid retention in the lung are serious complications in infectious diseases. Under physiological conditions, plasma sphingosine-1-phosphate (S1P) is produced and released by erythrocytes to maintain barrier integrity. Protease-activated receptor 1 (PAR1) activation by thrombin (the levels of which are elevated during pathology) increases endothelial permeability; this process may also be dependent on sphingosine kinase 1 (SPHK1) and S1P receptor 3 (S1PR3) 61 . Permeability is gradually counteracted by thrombin-mediated cleavage of protein C to activated protein C (APC), which then binds to the endothelial protein C receptor (EPCR), stimulating SPHK1 expression and signalling through the S1P-S1PR1 axis that reseals the endothelial cell barrier. S1PR1 or S1PR3 induce RAC-or RHO-dependent cytoskeletal rearrangements to promote or disrupt adherens junctions, respectively. Sph, sphingosine. Regulation of TNFR signalling by intracellular S1P S1P and SPHK1 have long been implicated in the actions of certain cytokines, such as tumour necrosis factor (TNF) 64 , a pleiotropic cytokine with important effects in a wide range of autoimmune disorders from rheumatoid arthritis and inflammatory bowel disease to asthma. Gene targeting of Sphk1 in animal models of these disorders has provided further support for this notion [65] [66] [67] . In response to TNF and other cytokines, SPHK1 is activated and translocates to the plasma membrane to catalyse the production of S1P 68 , which is then exported out of the cell by specific transporters to activate its receptors in an autocrine manner 69 . This inside-out signalling by S1P is thought to promote certain TNF functions (FIG. 5) , including activation of nitric oxide synthase in endothelial cells 70 and enhancement of microvascular tone and reduction of blood flow in the cochlea 71 . Nevertheless, it has long been thought that S1P that is generated intracellularly in response to TNF might also function inside the cell independently of S1PRs 72, 73 . Recently, it was discovered that S1P can activate the key inflammatory transcription factor nuclear factor-κB (NF-κB) 74 , and this was found to be independent of S1PRs 75 . Engagement of TNF receptor 1 (TNFR1) results in the assembly of multicomponent signalling complexes by adaptor proteins, including TNFR-associated factor 2 (TRAF2), leading to K63-linked polyubiquitylation (in which ubiquitin molecules are linked through lysine 63) of receptor-interacting protein 1 (RIP1; also known as RIPK1). The polyubiquitin scaffold then recruits and activates both TGFβ-activated kinase 1 (TAK1; also known as MAP3K7) and the IκB kinase (IKK) complex (which is composed of two kinase subunits, IKKα and IKKβ) by binding to their regulatory subunits Figure 5 | Roles of S1P produced by SPHK1 in TNFR signalling. Engagement of TNF receptor 1 (TNFR1) by tumour necrosis factor (TNF) leads to the recruitment of a signalling complex containing TNFR1-associated death domain protein (TRADD), TNFR-associated factor 2 (TRAF2), receptor-interacting protein 1 (RIP1; also known as RIPK1), cellular inhibitor of apoptosis 1 (cIAP1) and cIAP2. Interaction of TRAF2 with sphingosine kinase 1 (SPHK1) stimulates it and brings it to the plasma membrane where its substrate, sphingosine, resides. Intracellular sphingosine-1-phosphate (S1P) is a required cofactor for the K63-linked polyubiquitylation of RIP1 by TRAF2, and the ubiquitin chain then acts as a scaffold to recruit and activate TGFβ-activated kinase 1 (TAK1; also known as MAP3K7) and IκB kinase (IKK) complexes. The IKK complex phosphorylates NF-κB inhibitor-α (IκBα), leading to the activation of nuclear factor-κB (NF-κB). Polyubiquitylation of RIP1 also prevents its interaction with pro-caspase 8, and this limits the processing of this caspase precursor and thus the initiation of apoptosis. Intracellular S1P can be exported out of cells and can then activate its cell surface receptors and downstream signalling pathways, culminating in proliferation, survival, motility and the production of cytokines, chemokines and prostaglandins. S1PR, S1P receptor; Sph, sphingosine; TAB2, TAK1-binding protein 2; Ub, ubiquitin.
E3 ubiquitin ligases
Enzymes that attach the molecular tag ubiquitin to proteins. Depending on the number of ubiquitin molecules that are attached and the positioning of the links between them, the ubiquitin tag can target proteins for degradation by the proteasome, sort them to specific subcellular compartments or modify their biological activity.
Sepsis
A potentially serious medical condition that involves a whole-body inflammatory response to an infection.
-TAB2 and IKKγ (also known as NEMO), respectively. Phosphorylation of NF-κB inhibitor-α (IκBα) by the IKK complex leads to its K48-linked polyubiquitylation and subsequent proteasomal degradation. This liberates NF-κB (a dimeric transcription factor consisting of p65 and p50 subunits), which then enters the nucleus and regulates the transcription of its target genes 76 
(FIG. 5).
It had previously been demonstrated that the interaction of SPHK1 with TRAF2 activates SPHK1, which then participates in TNF signalling that leads to the activation of NF-κB 73 . However, the mechanism for this involvement of SPHK1 in TRAF2-mediated activation of the canonical NF-κB pathway had not been elucidated. Although genetic evidence indicated that TRAF2 is necessary for the polyubiquitylation of RIP1 (REF. 77 ), many studies failed to detect ubiquitin ligase activity of purified or recombinant TRAF2 (REF. 78 ), leading to the notion that TRAF2 was an adaptor protein for other E3 ubiquitin ligases 79 rather than an E3 ubiquitin ligase itself. This conundrum was recently resolved by the discovery that S1P is a cofactor for TRAF2 that is necessary for TRAF2-mediated ubiquitylation of RIP1 (REF. 75 ). In the presence of S1P, TRAF2 was found to efficiently catalyse K63-linked polyubiquitylation of RIP1, providing the first evidence that TRAF2 has E3 ubiquitin ligase activity. This cofactor function of S1P is very specific to this molecule, as other structurally related lipids -including dihydro-S1P, which only lacks the double bond of S1P and is a ligand for all of the S1PRs -do not mimic its actions. It was also shown that S1P enhances the addition of both wild-type and K63-only ubiquitin (mutated ubiquitin with only one lysine residue, at position 63), but not K48-only ubiquitin, to RIP1. This finding is especially relevant because unlike K48-linked polyubiquitylation, which targets proteins for proteasomal degradation, K63-linked polyubiquitylation of RIP1 serves as a scaffold to recruit proteins containing specific ubiquitin-binding domains, and this leads to the activation of NF-κB 76, 80, 81 . These results suggest a new paradigm linking SPHK1 and S1P to K63-linked polyubiquitylation of RIP1 and activation of NF-κB. Thus, in response to TNF, recruitment of TRAF2 to TNFR1 at the plasma membrane activates its binding partner SPHK1 (REF. 73 ), which produces S1P. S1P in turn is an essential cofactor for TRAF2-mediated RIP1 K63-linked polyubiquitylation, which is necessary for NF-κB activation and the antiapoptotic programme initiated by TNF 76 . This suggests a feed-forward type of interdependent regulation in which TRAF2 and SPHK1 require and/or regulate the actions of each other (FIG. 5) . Polyubiquitylation of RIP1 also prevents its interaction with pro-caspase 8, and this limits the processing of pro-caspase 8 to its effector form that initiates apoptosis (FIG. 5) . This provides a mechanism for the numerous observations of the importance of SPHK1 in inflammatory, anti-apoptotic and immune responses and explains why only S1P suppresses apoptosis, even though dihydro-S1P is also a ligand for the S1PRs, as only S1P binds to and activates TRAF2.
It is still not clear how TNF stimulates SPHK1 through TRAF2. It has been suggested that phosphorylation of SPHK1 by ERK1 and ERK2 might be involved 68 .
However, TNF only weakly activates ERK1 and ERK2, and TRAF2 itself is required for TNF-mediated induction of ERK1 and ERK2 (REF. 82 ). Phosphorylation of TRAF2 by protein kinase Cδ (PKCδ) mediates recruitment of the IKK complex and determines TRAF2-mediated K63-linked polyubiquitylation 78 . As PKCδ has also been shown to activate and phosphorylate SPHK1, leading to its translocation to the plasma membrane 83 , we speculate that PKCδ may be the potential link between TNFR1 and SPHK1 activation.
Many other questions remain unanswered. For example, what is the mechanism by which S1P affects the E3 ubiquitin ligase activity of TRAF2? Does it involve the recruitment of specific E2 ubiquitin-conjugating enzymes? Is S1P required for signalling downstream of other receptors that use TRAF2? Does S1P bind to and regulate the E3 ubiquitin ligase activity of other TRAFs or other RING domain-containing E3 ubiquitin ligases? Just answering the last question may be a daunting task, as bioinformatics analyses indicate that the human genome encodes 300 RING domain proteins and at least half possess intrinsic E3 ubiquitin ligase activity 84 . Although much more needs to be learnt about the in vivo significance of SPHK1 in TNF-mediated signalling, a recent study demonstrated that deletion of Sphk1 in a mouse model of TNF-induced arthritis markedly decreases synovial inflammation and joint erosions and diminishes cyclooxygenase 2 expression 67 .
The plot thickens: S1P and TLR4 in sepsis Sepsis is an overwhelming systemic inflammatory response that results from bacterial infections and frequently leads to death. Cells of the innate immune system (primarily monocytes, macrophages and DCs) sense bacterial components through members of the TLR family, which depend on TRAFs to control NF-κB activation and inflammatory and immune responses, in a similar manner to TNFR1. Both TLR2 and TLR4 -which recognize bacterial lipopeptides and LPS from Gram-negative bacteria, respectively -stimulate and upregulate SPHK1 (REFS 85, 86) . There is some evidence to support a role for inside-out signalling by S1P in their inflammatory responses. For example, it has been suggested that, in macrophages, the binding of S1P to S1PR3 or S1PR2 contributes respectively to endotoxin-induced production of CCL2 (also known as MCP1) 87 and the production of the pro-inflammatory cytokines IL-1β and IL-18 (REF. 88 ). However, the role of S1PR1 in this system is still controversial 87, 89 . In addition, LPS-induced production of IL-6 and IL-8 by human gingival epithelial cells was shown to be mediated by increased expression and activation of S1PR1 and S1PR3 (REF. 90 ). Furthermore, as discussed below, there are some indications that intracellular S1P generated by SPHK1 might also contribute to inflammatory responses to endotoxins.
Much has been learnt about the complex signalling pathways downstream of TLRs 91 . Briefly, the engagement of TLR4 and TLR2 causes the recruitment of receptorspecific adaptors, including TIR domain-containing adaptor protein (TIRAP) and myeloid differentiation NF-κB primary response protein 88 (MYD88). MYD88 recruits TRAF6 and members of the IL-1R-associated kinase (IRAK) family, leading to the oligomerization and autoubiquitylation of TRAF6, which then recruits and activates TAK1. Activated TAK1 phosphorylates and activates the IKK complex, leading to the activation of NF-κB, p38 and JUN N-terminal kinase (JNK), and this culminates in pro-inflammatory cytokine production. TIR domain-containing adaptor protein inducing IFNβ (TRIF), which is only recruited to TLR4, interacts with TRAF3, TANK-binding kinase 1 (TBK1) and IKKε, which mediate the phosphorylation of IFN-regulatory factor 3 (IRF3). Phosphorylated IRF3 dimerizes and translocates to the nucleus, where it induces an IFN response (FIG. 6) .
Recently, two elegant studies with important clinical implications have enhanced our understanding of the participation of SPHK1 in the signalling pathways downstream of TLR2 and TLR4, and have provided compelling evidence for the involvement of S1P in the development of septic shock. The studies demonstrated that deletion or inhibition of SPHK1 prevents sepsis in mouse models of LPS challenge or caecal ligation and puncture 49, 86 . However, although the conclusions of these two studies both highlighted the essential role of SPHK1 and S1P in sepsis, the proposed mechanisms diverged.
Ruf and colleagues 49 suggested that DC activation induced by coagulation in the lymphatics, which promotes systemic inflammation and lethality during severe sepsis, depends on inside-out signalling by S1P via activation of S1PR3. They showed that the SPHK1-S1P-S1PR3 axis is a downstream component of PAR1 signalling in DCs and regulates late-phase amplification of inflammation during sepsis. On the other hand, Melendez and co-workers 86 proposed a completely different mechanism for the involvement of SPHK1 and intracellular S1P in sepsis, focusing on the functions of macrophages. They showed that SPHK1 expression is upregulated in peritoneal macrophages isolated from patients with severe sepsis and that administration of a SPHK1 inhibitor to mice suppresses LPS-induced production of inflammatory cytokines 86 , in agreement with in vivo and in vitro studies of Sphk1 silencing 86, 92 . However, Sphk1-null mice are not protected from LPS-induced death 86, 93 ; this may be due to adaptive functional redundancy that takes place during embryonic development owing to the essential functions of SPHK1.
Interestingly, TLR2 and TLR4 triggering enhances cytoplasmic production of S1P in phagocytes but does not increase its release, suggesting that intracellular rather than S1PR-mediated actions of S1P occur downstream of these TLRs 86 . An important observation is that PKCδ is associated with the IKK complex in LPS-treated macrophages and is required for NF-κB activation in response to LPS and bacterial lipoprotein. Intriguingly, it has been shown that SPHK1 is required for PKCδ activation by LPS and that S1P stimulates the enzymatic activity of recombinant PKCδ, suggesting that PKCδ is a direct intracellular target of S1P (FIG. 6) .
It is still not clear how TLR4 signalling activates PKCδ or which particular targets PKCδ phosphorylates. Although it was suggested that PKCδ phosphorylates and activates the IKK complex 86 , this has not been confirmed. It is possible that PKCδ has a different substrate in the TLR4 signalling pathway and several intriguing candidates come to mind. TRAF6, a key E3 ubiquitin ligase that is involved in the activation of both the TLR2 Figure 6 | Roles of S1P produced by SPHK1 in TLR4 signalling. Engagement of Toll-like receptor 4 (TLR4) by lipopolysaccharide (LPS) at the plasma membrane promotes the recruitment of the adaptor myeloid differentiation primary response protein 88 (MYD88) and the assembly of a signalling complex that includes another adaptor called TIR domain-containing adaptor protein (TIRAP), TNFR-associated factor 6 (TRAF6) and the protein kinase TGFβ-activated kinase 1 (TAK1; also known as MAP3K7). Sphingosine-1-phosphate (S1P) generation by sphingosine kinase 1 (SPHK1) mediates the activation of protein kinase Cδ (PKCδ), which phosphorylates an unknown target to promote IκB kinase (IKK) and nuclear factor-κB (NF-κB) activation through an ill-defined mechanism. It is also possible that S1P enhances the autoubiquitylation of TRAF6, which then recruits and activates TAK1. TAK1 phosphorylates the IKK complex, leading to the activation of NF-κB and mitogen-activated protein kinases (MAPKs; namely, extracellular signal-regulated kinase (ERK), JUN N-terminal kinase (JNK) and p38). Dashed arrows indicate pathways in TLR4 signalling that could potentially involve S1P. AP1, activator protein 1; IκBα, NF-κB inhibitor-α; IRAK, IL-1R-associated kinase; IRF3, interferon-regulatory factor 3; MD2, myeloid differentiation factor 2 (also known as LY96); RIP1, receptor-interacting protein 1 (also known as RIPK1); Sph, sphingosine; TAB, TAK1-binding protein; TBK1, TANK-binding kinase 1; TRAM, TRIF-related adaptor molecule; TRIF, TIR domain-containing adaptor protein inducing IFNβ; Ub, ubiquitin. P and TLR4 signalling pathways, could be phosphorylated by PKCδ in a similar manner to that discussed above for TRAF2 (REF. 78 ). Alternatively, a PKCδ substrate yet to be identified could promote IKK and NF-κB activation through an unknown mechanism. Finally, PKCδ could phosphorylate and activate SPHK1, either directly 83 or via activation of ERK1 and ERK2. If so, PKCδ would be upstream of SPHK1 and S1P formation. S1P might then enhance the E3 ubiquitin ligase activity of TRAF6, by analogy with its effect on TRAF2. Some support for this notion is provided by our own observations that S1P specifically binds to TRAF6, enhances its in vitro autoubiquitylation and interacts with its RING domain, although the affinity of this interaction is lower than that of S1P binding to the RING domain of TRAF2 (K. B. Harikumar, C. Luo, S.M. and S.S., unpublished observations).
Importantly, the administration of a specific SPHK1 inhibitor has been shown to protect mice against systemic inflammation and mortality induced by caecal ligation and puncture, even when the inhibitor is given 2 hours after induction of polymicrobial sepsis. As might be expected, the protective effect is lessened when the inhibitor is given at later time points 86 . However, combining a SPHK1 inhibitor with the broad spectrum antibiotic co-amoxiclav (which is currently used to treat patients with sepsis) markedly improves the efficacy of the antibiotic, extending the time window for treatment and resulting in better outcomes than either drug alone, although off-target effects of the SPHK1 inhibitor cannot be excluded. New treatments for sepsis are needed, as resistance to antibiotics is developing faster than new antibiotics become available, and these findings 86 may pave the way for the exploration of SPHK1 inhibitors for the treatment of sepsis in humans.
Regulation of histone deacetylases by S1P Compared with our understanding of the functions of SPHK1 in inflammation, much less is known about the role of SPHK2, although recent reports have begun to highlight the specific roles of this isoenzyme in immune cell activities 24, 51, 52, 94, 95 . Although many studies point to an important role for SPHK1 rather than SPHK2 in mast cell activation 18 , SPHK2 may also contribute to some mast cell functions 51, 52 . Interestingly, downregulation of SPHK1 and SPHK2 in mice has opposing effects during collagen-induced arthritis, decreasing and increasing severity, respectively. Even before the development of the clinical symptoms of arthritis, depletion of SPHK2 enhances production of the pro-inflammatory cytokines IL-6, TNF and IFNγ 66 . Similarly, T cells from SPHK2-deficient mice show enhanced proliferation and production of cytokines, and promote pathology in a model of inflammatory bowel disease 94 . Hence, it has been suggested that therapeutic enhancement of SPHK2 activity could be useful in chronic inflammatory diseases (including colitis) and, conversely, that SPHK2 inhibition could treat disorders associated with immunosuppression (such as chronic infections and cancers) 94 . The increased expression of many pro-inflammatory genes that accompanies chronic inflammatory diseases is regulated by acetylation of core histones. Histone deacetylases (HDACs) remove acetyl groups from histones, thereby inducing chromatin condensation and transcriptional repression, and have emerged as key targets to reverse aberrant epigenetic changes associated with human diseases, such as cancer and inflammation 96, 97 . HDACs can also deacetylate numerous non-histone proteins that regulate immune functions, including the transcription factors signal transducer and activator of transcription 1 (STAT1), STAT3, NF-κB and forkhead box P3 (FOXP3) 98 . Although several HDAC inhibitors have been approved for the treatment of cancer, some HDAC inhibitors have important anti-inflammatory or immunosuppressive effects that might be of therapeutic benefit in inflammatory disorders, including rheumatoid arthritis, juvenile idiopathic arthritis and chronic obstructive pulmonary disease (COPD) 97 . For example, HDAC inhibitors expand T Reg cell populations, inhibit T H 17 cell differentiation and suppress the activation of macrophages and DCs 98 . Despite the widespread interest in HDACs and their inhibitors, the factors that regulate HDAC activity remain largely unknown. Recent findings have revealed a connection between SPHK2, S1P and HDAC functions 95 (FIG. 7) .
In contrast to SPHK1, SPHK2 is present in the nucleus of many types of cells where it has been shown to inhibit cell proliferation 99 , probably by upregulating expression of the cyclin-dependent kinase inhibitor p21 (encoded by CDKN1A) in a p53-independent manner 100 . Recent studies have shown that endogenous SPHK2 is associated with histone H3 and produces S1P that binds to and inhibits HDAC1 and HDAC2, which are classical class I HDACs that are primarily localized in the nucleus in multiprotein complexes with co-repressors. SPHK2 associates with HDAC1 and HDAC2 in repressor complexes Figure 7 | S1P produced by SPHK2 in the nucleus inhibits HDACs and regulates gene transcription. Nuclear sphingosine kinase 2 (SPHK2) is associated with histone deacetylase 1 (HDAC1) and HDAC2 in repressor complexes at the promoters of specific genes (such as CDKN1A, which encodes p21). In response to external stimuli, protein kinase C (PKC) is activated (probably via extracellular signal-regulated kinase 1 (ERK1)) and phosphorylates and activates SPHK2, resulting in increased production of sphingosine-1-phosphate (S1P). S1P binds to and inhibits HDAC1 and HDAC2, leading to increased levels of histone acetylation and gene transcription. Dashed arrows indicate pathways that could potentially activate SPHK2. Ac, acetyl; H3, histone H3.
FTY720
A sphingosine-like drug that is phosphorylated intracellularly by sphingosine kinase. Phosphorylated FTY720 is an agonist of all of the sphingosine-1-phosphate receptors (S1PRs) except S1PR2, but its immunosuppressive functions are due to prolonged downregulation and degradation of S1PR1.
and is selectively enriched at the promoters of CDKN1A and the transcriptional regulator FOS, where it enhances local acetylation of histone H3 and transcription 95 (FIG. 7) .
Interestingly, phorbol 12-myristate 13-acetate (PMA), an activator of protein kinase C that enhances the phosphorylation and catalytic activity of SPHK2 (REF. 101 ), rapidly increases nuclear S1P and the colocalization of SPHK2 with HDAC1. However, thereafter, PMA induces the phosphorylation and nuclear export of SPHK2; this is probably mediated by protein kinase D 102 and ensures that the inhibition of HDACs by S1P is only transient.
The finding that S1P and SPHK2 are part of a corepressor complex that influences histone acetylation and gene expression 95 suggests a fascinating scenario for sphingolipid signalling in the nucleus and for HDAC regulation. Future studies are needed to address several important questions. Does SPHK2, by regulating HDAC1 and HDAC2, control global or inflammationspecific programmes of gene expression? How is SPHK2 recruited to specific target genes? Does S1P bind to and regulate the deacetylase activity of other members of the HDAC family, in addition to HDAC1 and HDAC2? What are the inflammatory consequences of the inhibition? Deciphering the role of S1P in the regulation of histone acetylation is important, as HDAC inhibitors are a potential therapeutic approach for the treatment of chronic inflammation. A better understanding of how HDACs are regulated will boost the search for safer and more effective drugs that are capable of interfering with HDAC functions in a highly specific manner.
Therapeutic targeting of S1P signalling Multiple sclerosis. Much attention has been focused recently on S1P and its receptors, especially S1PR1, following the elucidation of the mechanism of action of the immunosuppressive drug FTY720 (also known as fingolimod). This drug has been approved for the treatment of multiple sclerosis 103 , a common inflammatory disorder of the central nervous system. FTY720, a sphingosine analogue, is a prodrug that is phosphorylated in vivo by SPHK2 to generate a S1P mimetic that is a ligand for all of the S1PRs except S1PR2. However, in vivo, FTY720 has a complex mode of action. Phosphorylated FTY720 acts as a 'functional antagonist' of S1PR1 by inducing its prolonged internalization, downregulation and ubiquitindependent proteosomal degradation 26, 27 . Surprisingly, it has been shown that signalling by phosphorylated FTY720 continues even after S1PR1 internalization, suggesting that persistent agonism contributes to the actions of FTY720 and might be important for enhanced endothelial barrier function 104 . The clinical efficacy of FTY720 has been attributed to its ability to promote the retention of naive T cells and central memory T cells (including autoreactive T H 17 cells) in lymph nodes, preventing terminally differentiated effector T cells and effector memory T cells from entering the central nervous system and driving pathological responses 105 . On the other hand, FTY720 minimally affects peripheral effector memory T cells, which are important for protection against infection 103 . FTY720 may also have direct neuroprotective effects within the central nervous system, as it is concentrated to high levels in the brain and its effectiveness in patients with multiple sclerosis does not correlate with the degree of lymphopaenia in these individuals. Indeed, a recent study demonstrated that the protective functions of FTY720 in experimental autoimmune encephalomyelitis (EAE), a mouse model for multiple sclerosis, depend on the expression of S1PR1 by astrocytes 106 . As S1P levels are increased in the spinal cords of mice during EAE 106 and levels of S1P in cerebrospinal fluid correlate with increasing disability in patients with multiple sclerosis 107 , it is possible that targeting S1P generation might also be beneficial in neuroinflammatory disorders.
Rheumatoid arthritis.
As discussed above, deletion of S1P lyase (the enzyme principally responsible for S1P degradation), or its inhibition by the food colourant 2-acetyl-4-tetrahydroxybutylimidazole, disrupts local S1P gradients and interferes with lymphocyte emigration 5 . LX2931, an oral S1P lyase inhibitor, has been developed as a potential therapeutic for autoimmune and inflammatory disorders 108 . LX2931 reduced joint inflammation and destruction in mouse and rat models of arthritis and is now in Phase II clinical trials for use in rheumatoid arthritis, a chronic systemic inflammatory disorder that severely affects synovial joints 108 . In summary, these preclinical and clinical studies suggest that diverse pharmacological agents that target the functions of S1P and its receptors show therapeutic potential for treating a wide range of inflammatory and autoimmune disorders. Development of a second generation of drugs, with improved specificity and efficacy, will provide new treatment strategies for these inflammatory disorders and, moreover, will enhance our understanding of how this 'simple' sphingolipid metabolite functions both inside and outside of cells.
